Abstract--Stator coils of large rotating machines are divided into strands which are transposed to reduce the inter-strand circulating current loss. To evaluate the effect of transposition, circulating current analysis is required but full 3D analysis is difficult because of the complicated configuration of the transposed coils.
I. INTRODUCTION
As the enhancement of the efficiency of power systems has become more important, it is important to evaluate the losses accurately. In the stator windings of large rotating machines such as the power generators, the coil bars are divided into strands to reduce the eddy current loss [1] and these strands are usually transposed in the stator core region (active part) and sometimes in the end region to reduce the inter-strand circulating current. To evaluate the circulating current, several works have been performed mainly on the transposition in the active part [5] - [12] . The authors also have presented analysis methods which can evaluate the causal magnetic flux [10] [11] . But as for the transposition in the coil end region, the leakage magnetic flux distributes in the open space and it is not easy to evaluate the flux distribution and the complicated features of the transposed strands. Then, the authors have constructed an analysis model of the circulating current in the coil transposed in the end region with multi-slice 2D finite element method (FEM) on the assumption that the transposition pitch in the coil end region is uniform [13] .
In this paper, magnetic field analysis model using 3D multi-layer FEM is proposed to calculate the circulating current in the stator bar which includes strands transposed in the coil end region to evaluate the non-uniform transposition configuration. Then circulating current analyses considering the magnetic flux distribution in end region are performed and the effect of the transposition is discussed for some variations of transposition.
II. STATOR WINDING AND STRAND TRANSPOSITION

A. Stator winding
In the large rotating machines, such as the turbogenerators and the hydrogenerators, the conductors of the armature windings generally consist of double layers of half coils, which are connected to the corresponding half coils. Fig.1 (a) illustrates a typical cross section of the stator coils. It is composed of layers of mutually insulated conductor strands to reduce eddy current loss. As the strands are shorted at the both ends, electromotive force arises when the induced voltage by the interlinkage flux differs in each strand. Then circulating currents are induced between the strands which lead to additional losses. In order to eliminate such losses, the strands are commonly transposed as shown in Fig.1(b) .
The conductors are wound and treated by insulating tapes, through which coils are cooled in the indirect cooling type generators. The design of the generators must be careful to keep the temperature limit of the insulating material not to be damaged. 
B. Circulating current
The loss in the armature winding is classified in the dc resistance loss and ac loss. The ac loss consists of eddy current loss, inter-strand circulating current loss, and inter-circuit circulating current loss in the windings in parallel. The magnetic flux which causes the inter-strand circulating current loss, which is mainly dealt with in this paper, is also divided into slot flux in the core region and coil end flux. Furthermore, the coil end flux is categorized into coil end internal flux and coil end external flux. Figure 2 shows schematic diagrams of these fluxes and coil strands. The coil end external flux can be divided into two components of direction, transverse and vertical direction [4] . It would helpful for understanding the circulating current behavior and also for taking measures to reduce the losses. Figure 3 illustrates the strand transposition diagrams of the stator conductor bar. Figure 3 (a) to (c) present the strands which are transposed only in the active part in the core region, namely not transposed in the coil end part. The 360 degree transposition includes the strands which rotate in one cycle in the active part. Similarly, in the 450 degree transposition, the strands rotate in one and a quarter cycle, and the 540 degree transposition one and a half cycle [3] .
C. Variation of Strand transposition
For each transposition configuration, the interlinkage flux in the active part is cancelled when the core is uniform and the strands are transposed as mentioned above. But the voltage induction by the interlinkage flux in the coil end part is doubled in the 360 degree transposition that leads to the circulating current. To improve this, the 450 and 540 degree transposition are aimed to reduce the voltage induction in the coil end part.
As denoted in the caption of the Fig.4 , the transposition configuration is expressed arranging the angle in a coil end part, an active part and another coil end part as "0-360-0", "0-450-0", and "0-540-0" respectively for the 360, 450, and 540 degree transposition in the active part without coil end transposition. As shown in Fig.3 (b) to (c), the transposition pitch in the border zone of the active part is the half of the other part for "0-450-0" and "0-540-0" transposition. Figure 3 (d) illustrates an example of the transposition in the coil end parts [4] . The strands are 90 degree transposed in each coil end part as well as 360 degree transposition in the active part so as to reduce the voltage induction. This type of transposition is expressed as "90-360-90" in this paper. (
The relation between R tr and the circulating current loss is studied in this paper. 
III. ANALYSIS MODEL
A. Analysis model corresponding to leakage flux
As described in the former chapter, the leakage fluxes which produce circulating currents are classified according to their region and their current source. The circulating current can be analyzed separately due to the inducing leakage flux.
First, in the active part, as the coils are surrounded by the magnetic material except at the slot opening, magnetic reluctance to the leakage flux is small and the direction of the leakage flux is mostly restricted to a transverse direction. The radial flux could be neglected especially for the indirectly cooled generators whose slot is much deeper than is wide. Therefore, the circulating current due to the leakage flux in the active part is calculated by solving network equations on the strand currents [11] .
In the coil end part where the leakage flux sources can be classified into internal leakage flux(Bi) and external leakage flux. The external flux is also divided into two components of direction, transverse (Bt) and vertical (Bv) to the coil height direction. The external flux is calculated by another coil end magnetic field analysis considering the 3D geometry of the coil end region [11] .
Then ac analysis is performed using a complex analysis on each categorized flux [10] . The FE analysis model with the coil end region of both sides is analyzed simultaneously and the active part is considered by the strand impedance.
B. 2D approach (without coil end transposition)
The 2D analysis model considering the coil end flux without coil end transposition is described in [10] - [11] . The strands in the coil end region are modeled with 2D meshes and 2 analysis regions represent coil end region 1 and 2 respectively as shown in Fig.5 (a) . In each region, a constraint condition is imposed that the strand current is the same in corresponding strand and the flux of all the regions is calculated simultaneously [14] [15] . The FE mesh around the coil is depicted in Fig.5 (b) . In the figure, the strand number is also indicated.
Examples of the flux distribution are shown in Fig.6 . Each figure (b), (c) include 2 analysis regions. As both flux distributions present real part of the complex analysis, which represent the source of magnetic flux. Fig.6 (b) illustrates the internal fluxes which originate in the coil current itself. In this model, the total coil current is given and the analysis is done so as the sum of the strand current becomes the total current. Fig. 6(c) denotes the end-external fluxes which originate in the flux by the other coils, the rotor coil and the magnetic structures. This analysis deals with the transverse leakage flux and the analysis on the vertical leakage flux is done apart from this analysis. 
C. 2D approach (with coil end transposition)
As for the analysis model with coil end transposition, the strands are approximated as step-wise configuration and each step is expressed as a layer of sub-region. When the transposition pitch in the coil end region is uniform and the full length of the coil end strands are transposed, the longitudinal length of the sub-region can be treated as equal and the 2D analysis is available [13] . In each subregion, a constraint condition is imposed on the corresponding strand currents similarly to the model of Fig.5 . Fig.7 shows examples of the flux analysis results in the coil end region. In the model of Fig.7 , there are 28 independent analysis regions to express the 13 steps for both coil end regions and the corresponding strands are connected by the external circuit. The shown flux distribution presents the imaginary part, which mainly presents the flux due to the induced current including the circulating current and the eddy current. 
D. 3D Multi-layer FEM
When the transposition pitch in the coil end part is not uniform or there are non-transposed region, the 2D approach is not available. Then 3D multi-layer analysis model is developed. The vertical element length of the sub-region can be varied corresponding to the longitudinal length of each strand part as shown in Fig.8 .
In Fig.8 , there are 28 independent analysis regions similar to the model of Fig.7 and the corresponding strands are connected with external circuit. In this model, the division number of the element in the longitudinal direction is 1. The external magnetic field is given to each analysis region and the magnetic analysis is performed using the 2-potential method [16] . For the coil end transposition, non-transposed region is considered. The strands are transposed in the region near the stator core and the ratio of the transposed length to the total coil end length Rtr is set to 25, 50, 75 and 100 %.
In this study, transposition pitch is not restricted though in the actual design, a minimum transposition pitch is defined due to such as the manufacturing conditions.
V. ANALYSIS RESULTS
A. Strand current
The current density contour distribution is displayed in Fig.9 . Though the sub-regions of the analysis model in Fig.7 are placed side by side, the elements are moved so as to show the longitudinal current distributions. Furthermore, the longitudinal length is multiplied by 0.1 to clarify the distributions. The current due to the external transverse flux and the range of the contour bar is the same in both of the figures. The figures show that the same colored area moves diagonally from the upper left position of the transposed area to the center right position on the front surface of the conductor, which corresponds to the 90 degree coil end transposition. It can be seen that the current density in Rtr=50% (Fig.9(b) ) is lower than that in R tr =100% (Fig.9(a) ). Figure 10 shows the strand current distribution normalized by the averaged load current of each strand. As for the strand number, No.1 denotes the strand in the uppermost and left part and the numbers are defined in the anticlockwise direction as presented in Fig.8 . The circulating current for the "0-540-0" transposition is not presented because it coincides with that for the "0-360-0" for the internal flux and becomes 0 for the external flux. As shown in Fig.10 (a) , "0-450-0" and "90-360-90" transpositions reduce the circulating current due to the coil end internal flux and the end transposition is the most effective for this flux.
The "0-450-0" and "90-360-90" transpositions partially cancel the voltage induction due to the external flux as shown in Fig.10 (b) , (c). When the transposition ratio R tr becomes larger, the circulating current due to the internal flux becomes smaller as shown in Fig.10 (a) . On the other hand, the circulating current due to the external flux becomes large when the ratio increases. This is because that, for the "90-360-90" transposition, the induced voltage in the nontransposed area cancels with each other end part like the "0-540-0" transposition. Therefore if the ratio of transposed length decreases, the area where the voltages are canceled increases. Figure 11 shows a distribution of loss increase due to the circulating current for the variations of the transposition. The loss increase is normalized by the dc resistance loss. It is apparent that the loss increase for the "0-360-0" transposition is the largest and the deviation of the strand loss is also large. For the "0-540-0" transposition, the loss and the deviation is the smallest among the transposition only in the active part. The "0-450-0" and the "90-360-90" transpositions are in the middle of those.
B. Strand loss increase
As for the transposition ratio Rtr, when it becomes smaller, the loss increase becomes smaller. This inclination is similar to the current due to the external flux because it is dominant on the circulating current. Figure 12 shows the average loss increase in the coil for the variations of the transposition. The loss increase is normalized by the total loss increase of the "0-360-0" transposition. The loss increase due to the internal flux is zero for R tr =100%, but with the decrease of R tr , the loss due to the internal flux increases. On the other hand, loss increase due to the external flux decreases along with the percentage.
C. Average coil loss increase
In the analyzed case, the total loss increase is the smallest for Rtr=50%. However, as the total circulating current is the sum of the current due to the internal and external flux, total loss depends on the ratio between the internal and external losses. Namely, the optimum percentage would vary with the amount of the coil end flux. 
VI. CONLUSION
A circulating current analysis model using 3D multilayer FEM is proposed and the circulating current losses are compared on transposition configuration. The loss analysis results considering the magnetic flux in the end region were described.
-By the proposed analysis method, the circulating current in the transposed strands in coil end regions can be evaluated and the loss with respect to each causal magnetic flux can be investigated. -On the coil end transposition, with the decrease of the longitudinal transposed ratio, the circulating current loss due to the internal flux increases, whereas that due to the external flux decreases.
-On the conditions of the machine dealt with in this paper, the total loss increase is the smallest when the longitudinal transposed ratio is 50% but it depends on the rate of internal and external flux. Therefore the optimum percentage would vary with the amount of the coil end flux.
